ABSTRACT Quantitative modeling indicates that, in presynaptic terminals, the intracellular calcium concentration profile during inward calcium current is characterized by discrete peaks of calcium immediately adjacent to the calcium channels. This restriction of intracellular calcium concentration suggests a remarkably well specified intracellular architecture such that calcium, as a second messenger, may regulate particular intracellular domains with a great degree of specificity.
INTRODUCTION
Changes in cytosolic calcium ionic concentration ([Ca+] j) have been proposed as regulating a multitude of basic cellular functions (1) . Most of these hypotheses are based on correlations of cellular responses with either changes of extracellular calcium concentration ([Ca + ] ,), total transmembrane calcium fluxes ('Ca), or cytosolic bulk ( [Cat+]j), all of which lack the sufficient detailed spatial and temporal information of local [Ca] + i to address issues of cell biological or biochemical mechanism. In making these correlations, it is often overlooked that Ca++ influxes may be limited to specific regions of the cell surface (as has been shown in muscles [2] , neuronal dendrites [3, 4] , presynaptic terminals [5] [6] [7] , paramecia [8] [9] [10] and growth cones [4, [11] [12] [13] [14] ). Furthermore, at a finer level calcium channels are the specialized sites for the voltage-dependent transmembrane calcium influx and thus ICa does not flow uniformly across the surface membrane even at those sites. Unfortunately, present experimental techniques cannot resolve changes of [Ca"++ i in the submicron or submicrosecond level and thus mathematical modeling is the only approach presently available to address this important problem. The goal of the model presented here is to determine the spatial and temporal limits of the changes in [Ca"]i near the internal surface of the presynaptic terminal membrane of the squid giant synapse during calcium influx and transmitter release.
We have chosen to focus on the role of calcium in transmitter release not only because of the significance of calcium in synaptic transmission but because depolarization release coupling can serve as a model for examining in other systems.
In the squid giant synapse the presynaptic ICa can be measured with a time resolution of tens of microseconds (15) (16) (17) (18) , while the postsynaptic current can be simultaneously monitored (19) , with similar temporal resolution, as an indicator of transmitter release (20, 21 ). An unambiguous correlation has been demonstrated between the time course and amplitude of the presynaptic ICa and the postsynaptic response (15, 17, 22, 23) . However, the correlation between measurements of presynaptic [Ca+ + i with calcium-sensitive dyes and the postsynaptic response is less clear (17, 24) .
Our model examines the microscopic distribution of These computed profiles for [Ca] +i were incorporated into a general model for transmitter release (22) . Release $1.00was considered vesicular (25) and was modeled as a probabilistic function of [Cal+] bQ(r,t)16t = Dca x (2/r x bC(r,t)/&r + 62C(r,t)/6r2) from three to one spatial dimension by substituting U (r,t) = r x C (r,t) bU(r,t)1bt = DCa x 62 U(r,t)lbr2, where C(r,t) is the calcium concentration as a function of time (t) and distance (r) from the channel pore and Dc. is the diffusion coefficient for calcium (6.0 x 10-6 cm2/s). (c) Modeling the calcium as being injected into one compartment of a three-dimensional Cartesian matrix.
The first two approaches utilized an implicit numerical iteration scheme (27, 28 ). An explicit iteration was used for the three-dimensional diffusion matrix. To assess the robustness of the results the size of both the temporal and spatial steps were varied from 10-" to 10-8 s and 1 to 25 A, respectively. All approaches assumed that the flux per channel (J) was a decreasing function of membrane depolarization from rest as given by Llinas et al. (16) . The maximum elementary current of the channel was taken to be 0.1-0.5 pA in the presence of 10 mM [Ca++] o. The values given by this expression are close in magnitude to recent measurements of single calcium channel fluxes (29) . As an additional test the results of the above approaches were compared with an analytical solution for threedimensional diffusion C(r,t) = 4 2.0x 1r x FAR x JCa x erfc (2r.0 a) (1) where FAR is the faraday and erfc is the complementary error function.
The (2) where Buffer-nCa is the concentration of bound calcium-buffer complex.
To obtain the results presented, we used a buffer with n = 1, kf = 108 mol/s, kd = (kb/kf) = 10-7 to 10-6 M, a Buffer concentration of 0-500 mM, although 50 gM was used most frequently (30) , and a diffusion coefficient of 10-' cm2/s (31).
We have used buffering constants measured in the squid axon (30) , although it has been suggested that there may be a higher degree of buffering in the presynaptic terminal (32) .
Spatial and Temporal Distribution of (Fig. 1 C) and 65 mV (Fig. 1 D) . A cross section is plotted in Fig. 1 50 ,um from the pore (Fig. 2 B) . Over the first few hundred angstroms from the channel pore the concentration is close to steady state within a microsecond of channel opening. Following channel closing, if it is assumed that the calcium concentration decrease is due to diffusion, the peaks of [Ca"]+1 near the channel disappear in <1 ,us (Fig. 2 C) . However, the submicromolar shifts dissipate only after seconds (Fig. 2 D) .
We next evaluated the maximal possible rise of free calcium during continuous calcium entry. Here The results illustrated above demonstrate that [Cal+] i in the vicinity of the calcium channel is proportional to the calcium flux through a single channel (J) (see Fig. 1 C,D) that decreases with depolarization from rest (15, 16 Neither the density nor the distribution of calcium channels is known for the presynaptic terminal of the squid. Nevertheless, freeze-fracture replicas of the presynaptic membrane have revealed the presence of -1.5 million membrane-bound particles of larger than average size per terminal that form an integral part of the active zone.
These particles are aggregated in 1 gim2 circular patches with a 380 A separation between particles and have been proposed to represent the calcium channels (6) .
To examine the potential effects of concentrating the calcium channels together on submembranous [Ca++] (Fig. 3 B) or increasing the distance between channels further accentuated the inverse relation between depolarization and peak local [Ca" ++.
Comparison with the Results of Previous Models These results differ from those of previous works in two respects. First, they indicate a much greater degree of localization of the calcium concentration change. Second, they indicate that the presence of a buffer has no effect on the steady state distribution of intracellular calcium near the entry point. The differences between these and previous results can be attributed to a number of assumptions, made by previous authors, that we believe have been inappropriately used. (a) Many authors have assumed that the calcium enters diffusely through the membrane (31, 33, (36) (37) (38) . This eliminates the discrete peaks of high concentration that become obvious when modeling calcium entry through individual channels in the membrane (Fig. 3) . (b) It has been assumed that the magnitude and time course of the microscopic calcium entry parallels macroscopic conductance change (31, 33, (36) (37) (38) However, some of the assumptions underlying this approach are questionable. First, the model predicts large peaks of calcium concentration. Since the buffers for calcium are not of infinite concentration it is possible that the calcium locally saturates the buffer. Second, buffering is a biochemical reaction which, of necessity, must be diffusion limited. Therefore, we question the utility of assuming that the buffering is infinitely fast relative to the time period of the diffusion. Furthermore, the use of numerical iteration requires the use of very small distances within which the calcium concentration is assumed to be equilibrated. Over the 2-5 A distances used for the compartments in our model the calcium diffusion cannot be considered slow relative to the time course of buffering.
Finally, this approach suggested by Crank has been utilized to yield a number of results that are equivocal. The analytical solution for the diffusion equation in spherical dimensions (Eq. 1) is the product of two terms; the first half represents the steady state distribution of the substance and the second half (the complementary error FIGURE 3 Steady state distribution of [Ca +I i in the two-dimensional surface under an active zone with 900 channels. The channels were assumed to be packed in a rectangular matrix with an interchannel spacing of 300 A. With increasing depolarization, from a resting potential of -70 mV, the probability of a channel opening increased and the flux per open channel decreased as given by Llinas et al. (15) However, the source term, SO,, must also be reduced to SO, (Fig. 4 A) . That is, for increasing levels of depolarization there will be continuously decreasing transmitter release per unit of calcium entry (Fig. 4 B) 
Functional Effects of Vesicular Replacement Time
The predicted changes of [Ca++] ; are restricted to within a few hundred Angstroms of the channel. Since the vesicles are 300-500 A in diameter, most channels will only have one vesicle within the range of their calcium flux. Once the vesicle near a given channel is released, then further calcium entry through that particular channel cannot affect release until another vesicle moves into the vacated
[Ca+ ]i compartment. This predicts a local refractory period for transmitter release produced by the time for replacing a vesicle that has been released, and suggests that the time period for vesicular replacement could be an important variable in synaptic release. Since such replacement time has not, as yet, been determined, the period for replacing vesicles that had been released at individual release sites was varied from 105-10-' s, and the results are shown in Fig. 5 Indeed, if all calcium entry were to occur through one channel, then after the vesicle near that channel was released, further release could not occur, regardless of increases of [Ca" ]j, until the vesicle was replaced. On the other hand, if the same magnitude ICa were to enter through many channels then calcium could have access to many more vesicles and thus greater transmitter release would ensue. For large depolarizations where many more calcium channels are open there are more vesicles available for release and the effects of the local refractory period are less noticeable. Thus increasing the duration of vesicular replacement results in a voltage modulation of transmitter release. Time periods greater than 100 ,us for vesicular replenishment were needed to demonstrate a modulatory effect of voltage on transmitter release that resembled the voltage modulation of transmitter release that has been previously reported in this preparation (Fig. 5 D) . Periods >3 ms were needed to replicate the time course of synaptic depression (22, 41) .
Nearest Neighbors Effect
Because the vesicles are larger (500 A) than the assumed distance between calcium channels (380 A), it is possible that a vesicle could be affected by the calcium entry from more than one channel. This assumption does not affect any of the previous results unless it is postulated that for a vesicle to be released it must sense calcium entering simultaneously from more than one channel. If such a possibility is incorporated into the model, then, as the membrane is depolarized, the probability of a channel opening increases as does the probability that two or more neighboring channels will open under a given vesicle. In such a case the ratio of transmitter release to calcium entry increases with increasing depolarization and there is a positive voltage modulation between ICa and transmitter release. This is shown in Fig. 6 for release requiring that vesicles must sense two, three, or four simultaneous neighboring channel openings.
DISCUSSION
Modeling of calcium ion movements suggests that the opening of calcium channels results in localized submembrane increases in [Ca++]j. These localized increases are relatively unaffected by the presence of calcium regulatory systems and reach a steady state very rapidly relative to the open time of calcium channels, which is believed to be in the millisecond time domain (29) .
When the above findings are introduced into a general model for transmitter release, four predictions emerge: (a) There is, of necessity, an intimate relationship between the locus of the calcium channels and the vesicular release apparatus. Thus, as previously indicated, the precise site of calcium influx is a significant parameter in the cell biological role of calcium influx. Since the vesicles are located in significant numbers only in the vicinity of the active zone, it has been previously concluded that their localization is codetermined with that of the calcium channels (32, 6) . This is consistent with at least three sets of data from the squid synapse. First, the delay between a step increase in presynaptic Ica and a postsynaptic response is under 200 ,us (15) . This gives an upper limit to the total time required for calcium to trigger transmitter release, including vesicular fusion, diffusion of transmitter binding to the postsynaptic receptors, and opening of the postsynaptic channels (42) .
Second, the delay between the rapid cessation of Ic. and a decrease in the postsynaptic response is also under 200 ,us (Llinas, Sugimori, and Simon, unpublished observations). This indicates that neither free calcium nor calcium bound to an intermediary in release remains elevated in the terminal for much longer than 200,s. These results and the prediction of the present model are at variance with the "residual free calcium" hypothesis for synaptic facilitation (17, 33, (43) (44) (45) (46) , which assumes that [Ca++]; may remain elevated at the release site for hundreds of milliseconds.
Finally, when the presynaptic terminal is invaded by an action potential, the calcium channels open during the repolarization of the terminal, 0.5 ms after the opening of the sodium channels (23) . Although some calcium does enter the terminal through the sodium channels (47) (48) (49) , the sodium conductance can be blocked with tetrodotoxin without affecting either the latency or the magnitude of the postsynaptic response evoked by a simulated presynaptic spike (23) . The fact that the calcium entering through the sodium channels does not affect transmitter release supports the view that the changes of [Ca +]i that trigger transmitter release are highly localized. Taken together, these experimental observations indicate that the site of calcium entry is important for determining its ultimate role in transmitter release (42, 6, 22, 23 The value of n has been evaluated by using changes of [Ca++] o (43, 50) or ICa (17, 34) as approximations for changes in [Ca++]1. In the squid giant synapse all reported values for n range from one to two as determined by the slope of transmitter release to Ica (15, 17, 18, 22, 23) . More recently a higher stoichiometry has been reported using pipette delivery for [Ca++] (51) . A slope greater than 1 on the log-log plot was assumed to mean a stoichiometry greater than one for calcium ions in the release process (17, 33 (51, 52) , but the stoichiometry of the calcium influx to release remains linear. The gain of the relation is increased as if the shift of the residual free calcium has a multiplicative effect on release by a subsequent calcium influx. This result is consistent with a model for which facilitation is the result of an increase in the number of vesicles available for release (41, 52, 53) . The effect increases in magnitude over hundreds of milliseconds and lasts for hundreds of milliseconds after the resting [Ca++] i is shifted (53) . Thus we may conclude that the entry of calcium ions has at least two effects on transmitter release: a short term effect directly on release which is linearly dependent on calcium and a slower, longer lasting effect on the number of vesicles available for release at a given time (52 [Ca++] from tens to hundreds of micromoles at the active zone.
Possible Explanations for the Nonlinear Relationship between ICa and Transmitter Release
The morphological organization of the active zone suggests two explanations for the increased rate of transmitter release with increasing calcium influx. First, because the consequences of vesicular replacement time are more obvious at smaller than at larger depolarizations (Fig. 5) , this difference results in a larger release of transmitter by a given ICa at larger depolarization. Thus, the positive voltage modulation in the relation between the presynaptic ICa and the rate of transmitter release (Fig. 5 D) and an apparent positive cooperativity between Ica and the rate of transmitter release (Fig. 5 E) can be viewed as due to the different distribution of open calcium channels at the two depolarizing levels in agreement with the nonlinear effect of voltage on depletion previously suggested in this preparation (4 1). Second, it is possible that release requires more than one channel to be simultaneously open in the immediate vicinity of a vesicle. This assumption produces a positive voltage modulation (Fig. 6 A) and apparent positive cooperativity between ICa and release.
Although they need not be mutually exclusive, the two explanations for the nonlinear relation between Ic, and release suggested by the model can be experimentally distinguished by their predicted time courses. The depletion model predicts that the time dependence for the onset of the voltage modulation and the time course of depletion are related. If the ICa is short relative to the refractory period for vesicle replacement, then the depletion phenomena will not fully develop. The modulation will increase with pulse duration and stabilize with a time course close to that of the refractory period (i.e., >3 ms). By contrast the onset of the nearest neighbor effect will parallel the time course for the onset of Ica during a pulse (i.e., <2 ms).
We have assumed that a time lag for the transport of new vesicles to the subsynaptic membrane will generate this refractory period. This assumption fits well in the development of our modeling results relating to the distribution of the changes of submembrane calcium concentration. However, the model does not depend on this particular mechanism. The delays could be introduced by other events such as a time delay at a release site or at some other step in the release mechanism. measured by dyes or ion-selective electrodes). These have produced complex relationships and complex models.
CONCLUSIONS
The present model of calcium influx through discrete channels predicts that (a) the resulting cytosolic increases of [Ca++I] (c) The experimentally described nonlinearities between calcium entry and postsynaptic response can be accounted for either by the nonlinearities of depletion or by assuming that a vesicle must be exposed to calcium entry from more than one channel.
Thus, many of the apparent nonlinear properties of transmitter release may be the result of the manner in which the results have been examined. A model that accounts for the effects of membrane depolarization on the distribution of the calcium influx can predict these nonlinearities. Therefore, application of the predicted [Ca++] ; to synaptic physiology affords a clarification of our theories of calcium function. Assuming that ICa enters in a discrete manner, the compartmentalization of calcium entry is most probably a general principle for all calciumdependent cellular functions. Together with the evidence that calcium channels may be aggregrated into patches (6) , it suggests that the site of calcium entry is one of the significant parameters that determine its ultimate biological role. Future research on the role of calcium in cellular function should thus take into account present knowledge regarding the microscopic submembrane changes of [Ca++] 
